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This project aims to characterize and design a custom sonicator with a uniform pressure field 
optimized for nanodroplet-enhanced DNA fragmentation in a 96-well PCR plate. Different 
design parameters are varied in the model, and finite element analysis is applied to simulate 
changes in the pressure field in a 96-well plate sonication area. The spatial uniformity in each 
simulated pressure field is quantified by the ratio of the median pressure amplitude and the 
median absolute deviation. Using the results of the simulations, the optimized design parameters 
for the pressure field with the highest spatial uniformity were determined. Further studies 
demonstrated that using multiple frequencies in the system had the highest impact on improving 
the uniformity in the field of interest. A preliminary hydrophone study was conducted to validate 
the accuracy of the finite element model.  
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CHAPTER 1: INTRODUCTION  
Next-Generation Sequencing  
Next-generation sequencing (NGS) offers promising potential to transform traditional medicine. 
As a diagnostic tool, NGS is an emerging technology for preventive and early diagnosis of 
genetic disorders [1]. Recent advancements in NGS technology have also cleared the path for 
more ambitious opportunities in genomics including whole-genome sequencing at the population 
level for a better understanding of human disease and whole-exome and targeted sequencing for 
deeper individual genomic studies [2]. Recently, the increased speed and accuracy of sequencing 
afforded by NGS technology has allowed for more widespread implementation of personalized 
medicine. In oncology, sequence-matched therapies are more commonly used to determine 
treatment based on tumor-specific markers [3]. 
NGS technology uses massive parallel-sequencing to streamline DNA sequencing and relies on 
consistent random and unbiased DNA fragmentation in the initial step [4]. Fragmentation is 
performed on purified DNA samples using either mechanical techniques, such as ultrasonication 
or nebulization, or enzymatic methods. Resulting DNA fragments are immobilized, amplified by 
PCR, and sequenced during attachment of complementary nucleotides [5]. However, the initial 
fragmentation step remains a bottleneck in the sample processing pipeline for large samples due 
to limitations in current methods [6].  Improvements in existing fragmentation methods are 
necessary to maximize the capabilities of NGS technology. 
Acoustic Sample Processing  
Sonication is a commonly used commercial method for DNA sample processing that uses 
ultrasound waves to mechanically shear samples. It has the capability to generate high-quality 
sequencing libraries comparable to fragmentation by nebulization and enzymatic digestion [7]. 
During sonication, ultrasound waves propagate through the sample medium and cause periodic 
compression and rarefaction. These rapid vibrations in the liquid produce microbubbles that 
rapidly and violently collapse in a process called cavitation. During cavitation, local release of 
mechanical energy produces shear forces that cause fragmentation in the DNA sample [7], [8].  
While sonication offers a reliable mechanism for DNA fragmentation, implementation for high-
throughput processing is limited by the high cost and inefficiency of specialized sonicators.  
Efforts to reduce the cost and improve the efficiency of acoustic sample processing include 
developing cavitation-enhancing inert reagents that could be added to DNA samples. 
Microbubbles are typically used in medical applications as ultrasound imaging contrast agents 
and can amplify the cavitation effect when added to DNA samples [9]. Further condensing 
microbubbles into sonically active, phase-change nanodroplets has been demonstrated to produce 
an additional cavitation-enhancement effect by prolonging the release of microbubbles during 
sonication. The addition of nanodroplets to DNA samples removes the necessity of expensive 
and inefficient specialized sonicators by lowering the cavitation threshold pressure. More 
accessible and simpler equipment that also relies on the cavitation effect, such as ultrasonic 
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cleaners, can be then used. Nanodroplet-mediated cavitation in a standard laboratory ultrasonic 
water bath offers a reliable method for high-throughput DNA fragmentation with a consistency 
rate comparable to specialized commercial sonicators [8]. 
An ultrasonic water bath, typically used in cleaning applications, produces a broad acoustic field 
amplified by standing waves that is better suited for high-throughput sample holders (e.g. 96-
well-polymerase chain reaction (PCR) plates). While an ultrasonic bath has lower overall 
acoustic intensity than at the focal spot of a specialized sonicator, the probability threshold for 
cavitation can be increased at lower frequencies [8]. With a larger effective acoustic field and a 
reduced cavitation threshold pressure, an ultrasonic water bath combined with nanodroplet-
enhanced cavitation provides a more accessible and cost-effective method for high-throughput 
DNA fragmentation. Currently, the main challenge of using an ultrasonic water bath for DNA 
fragmentation is the lack of uniform acoustic energy distribution. Commercially-available 
ultrasound cleaning tanks provide non-uniform acoustic energy distribution particularly on a 96-
well PCR plate and introduce bias during fragmentation [10]. For this technology to become a 
reliable method of DNA fragmentation, characterization of a custom sonicator, based on 
ultrasonic cleaning tanks, with a spatially controlled ultrasound beam for high-throughput sample 
holders is needed.  
Finite Element Analysis 
Computer simulation using finite element analysis provides a reliable and inexpensive method 
for modeling custom sonicators prior to fabrication. Finite element analysis is an especially 
powerful tool for simulating the response of a given system to a specified load. Tangsopa and 
Thongsri previously utilized harmonic response analysis (HRA) in ANSYS to accurately 
characterize the uneven acoustic pressure field of an industrial ultrasonic cleaning tank and 
validated the results with a foil corrosion test [10]. They also applied HRA to determine the 
optimal dimensions and transducer locations in the design of a novel ultrasonic cleaning tank 
[11]. Zhang et al. further verified the application of ANSYS simulation in designing an 
ultrasonic cleaner [12]. Applications of finite element analysis to ultrasonic cleaning systems 
have consistently demonstrated accurate results, particularly in characterizing the acoustic 
pressure field of the system. Using finite element analysis, the design parameters of a custom 
sonicator for nanodroplet-enhanced DNA fragmentation can be optimized through simulations 
prior to costly fabrication. 
Goal and Hypothesis 
The primary aim of this project is to characterize the relative acoustic pressure distribution of a 
custom sonicator system and determine the design parameters that generate the most uniform 
field in the area of interest for a 96-well PCR plate. By varying different design parameters in the 
system and simulating the pressure fields using finite element analysis, the uniformity of the 
pressure field can be improved.   
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CHAPTER 2: METHODS 
Overall Workflow 
Various design parameters are studied to determine their effect on the uniformity of the acoustic 
pressure field in a defined plane. For the initial set of FEA studies, an existing sonicator setup is 
modeled, shown in Figure 1. Finite element analyses are performed to study the effect of easily 
adjustable design parameters for this sonicator on the pressure distribution: (1) the height of the 
water in the tank and (2) the placement of the transducer below the tank. After the initial FEA 
study, the simulated pressure fields are validated by experimental pressure fields measured by a 
hydrophone. Modifications to the finite element model are made based on the results of the 
validation study to maximize the accuracy of the model. In the second set of FEA studies, more 
complex design parameters are varied and optimized: (1) the angle of the tank walls, (2) the use 
of a lens in the water bath, and (3) the frequency of the system. Statistical analyses of the 
simulated pressure fields are used to determine the design parameters that generate the most 
uniform pressure distribution in the defined plane. 
CAD Model 
As outlined in Figure 2, the general CAD model for the custom sonicator consists of three 
primary parts: (1) a stainless steel tank, (2) an aluminum alloy front mass of an 80-kHz 
piezoelectric sandwich-type transducer positioned below the tank, and (3) water as the acoustic 
medium in the tank. For the lens study, an acrylic lens is added to the bottom face of the inside of 
the tank. Since only the relative acoustic pressure distribution is studied, a simplified transducer 
model of only the front mass (with no piezoelectric elements and a back mass attached) is 
sufficient for pressure beam analysis.  
Based on each design parameter to be studied, the general model is modified into different 
design configurations. No symmetries are applied, and a full model of each design configuration 
is generated to maximize the accuracy of the finite element model. Figures 3 through 5 highlight 
the design parameters studied in different studies and show CAD representations of example 
design configurations. Each design configuration is imported into ANSYS Workbench 2019 R2 
(ANSYS® Academic Research, Canonsburg, PA, USA) as the geometric model for the analyses.  
 









Figure 3. The general design configuration for the water height study. The lines indicate the 











Figure 5. Definition of the angle (θ) of the tank walls. The angles of interest in the wall angle 







Figure 6. Different design configurations for the lens study: (a) concave lens, (b) convex lens, 
and (c) no lens 
 
Finite Element Model 
Mesh Model 
A mesh model of the imported geometric model is generated in ANSYS Mechanical as shown in 
Figure 3. A hexahedron-dominant mesh is used as it has been used in previous ultrasonic tank 
studies with accurate results [10]. For a hexahedron-dominant mesh, a minimum of 6 elements 
per wavelength is required to sufficiently capture the degrees of freedom. For an 80-kHz 
analysis, the maximum element size is set to 3 mm. To quantify the accuracy of the finite 
element model, convergence analysis is performed, where the element size is increasingly 
reduced until a stable result reached. Convergence analysis determined an even smaller element 
size of 1.5 mm for pressure distribution analysis.  
 





Harmonic Acoustics Analysis 
Harmonic Acoustic Analysis (HAA) in ANSYS is used to solve the model. This analysis is an 
extension of the HRA module specifically for acoustics and simulates the steady-state response 
of an acoustic body and its surrounding structures to a harmonically varying load. In the setup of 
the problem, the tank and the front mass are defined as structural bodies, and the water is defined 
as an acoustic body. In the lens study, the lens is also defined as a structural body. Based on 
default ANSYS material assignments, the relevant properties of each material in the model are 
outlined in Tables 1 and 2. The environment temperature is set at 22°C. A boundary condition is 
applied to the air-water boundary of 101.325 kPa, defining atmospheric pressure. Fluid-solid 
interface contacts are defined between the water and tank bodies. A 1 MPa harmonic pressure at 
80 kHz frequency is applied to the bottom face of the front mass to represent the load applied by 
the piezoelectric elements when the transducer is excited. 
Table 1. Water Material Properties 
Density  998.2 kg/m3 
Speed of Sound  1482.1 m/s 
Viscosity 0.001003 Pa∙s 
 














7900 1.98 × 1011  0.27 1.4348 × 1011  7.7953 ×1010 
Aluminum 
Alloy 
2770 7.1 × 1010  0.33 6.9608 × 1010  2.6692 ×1010 
Acrylic 
(PMMA) 
1180 2.69 × 109  0.395 4.2698 × 109  9.6416 ×108 
 
Multiple Frequency Studies 
In addition to optimizing the fixed design parameters in the custom sonicator, the frequency of 
the system as a dynamic design parameter is also considered. A frequency sweep analysis is 
performed where the response of the system over a range of frequencies is averaged. Using 
HAA, this analysis assumes that the sonicator is operating at each frequency within the range for 
an equal amount of time at steady state. In a trial-and-error method, a time-frequency selection 
analysis is also performed where certain frequencies are selected to sonicate for a specified 
amount of time. The response of the system is averaged with respect to the ratio of time that the 
sonicator is operating at each frequency. Also using HAA, this analysis likewise assumes that the 
sonicator is operating at the defined frequencies at steady state.  
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Pressure Distribution Simulation 
As shown in Figure 7, a 130 mm by 90 mm area centered in the tank, parallel to and located 5 
mm below the air-water boundary is defined as the solution plane. This plane encompasses the 
area of a 96-well PCR plate. This plane is constant in all studies. The average pressure amplitude 
in each node in this plane is simulated in ANSYS Mechanical. The results are exported to 
MATLAB R2019A (MathWorks Inc., Natick, MA) for statistical analysis.  
 
Figure 7. Top view of the water bath with the solution plane outlined with dimensions 
 
Validation Experiment 
To validate the accuracy of the simulations, an experimental ultrasonic field is measured using a 
needle hydrophone (HNA-0400, Onda Corporation, Sunnyvale, CA). The generated hydrophone 
field is a 40 mm by 40 mm area centered in the solution plane, as demonstrated in Figure 8. A 1-
mm resolution is used, which sufficiently captures the element size in the finite element model. 
Note that due to the unavailability of the appropriate hydrophone, the selected hydrophone is not 
ideal for the 80 kHz transducer model. The hydrophone is instead designed for high-frequency 
applications with a nominal range of 1 to 10 MHz. 
The 80 kHz sandwich-type transducer is powered using an RF amplifier (AP400B, ENI, 
Rochester, NY) with an amplification ratio of ~820 (58 dB) and a function generator with a 70 
mV peak-to-peak amplitude in triggered burst mode (20 cycle count and 100 ms period). 
Ultrasound gel is applied between the transducer and the bottom of the tank to remove air 
interactions. A fixture is used to stabilize the tank during hydrophone mapping.  
Statistical Analysis 
Pressure values generated by ANSYS are imported into MATLAB to characterize the 
distribution of pressures in each simulated pressure field in the solution plane. For the non-
normal pressure distributions, the median pressure amplitude and the median absolute deviation 
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(MAD) are calculated. Due to large variation in the median pressure amplitudes in each study, 
the MAD-median ratios are also calculated for a more robust assessment of pressure variation. A 
decrease in the ratio compared to some standard indicates an improvement in uniformity while 
an increase indicates a decline in uniformity. 
 
Figure 8. Top view of the water bath with the solution plane (outer rectangle) and the 





CHAPTER 3: RESULTS 
The average pressure amplitude in the solution plane was simulated in ANSYS. The simulated 
pressure fields for each design configuration are shown for the qualitative comparison of 
pressure uniformity. For quantitative comparison, the MAD-median ratios for each design 
configuration are plotted in a bar graph. Bar graphs with error bars indicating the median 
pressure amplitudes and median absolute deviation are also shown for reference.  






Figure 9. Simulated pressure fields at each water height of interest. represented at different 








































































































































Figure 10. Comparison of the (a) median pressure amplitude with the MAD and (b) the median 
MAD-median ratio for each water height of interest in the water study 
  
Transducer Placement Study 
 
 
Figure 11. Simulated pressure fields for each transducer position (as defined in Figure 4) in the 
transducer placement study with a 0 – 2 MPa color bar range 
  
 













































































































Figure 12. Comparison of the (a) median pressure amplitude with the MAD and (b) the median 
MAD-median ratio for each transducer position in the transducer placement study 
 
  












































Figure 13. Simulated pressure fields for each wall angle in the wall angle study, represented at 












































































































































Figure 14. Comparison of the (a) median pressure amplitude with the MAD and (b) the median 
MAD-median ratio for each wall angle in the wall angle study 
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Figure 15. Simulated pressure fields for each lens configuration in the lens study with a 0 – 2 
MPa color bar range. 
  
 (a)  (b) 
  
Figure 16. Comparison of the (a) median pressure amplitude with the MAD and (b) the median 









































































































Figure 17. Simulated pressure fields for each frequency in the frequency study, represented at 































































































































































Figure 18. Comparison of the (a) median pressure amplitude with the MAD and (b) the median 




Figure 19. Averaged pressure fields over different frequency sweep ranges from 10 kHz to 40 
kHz in the frequency study with a 0 – 5 MPa color bar range 
  
  














































































































Figure 20. Comparison of the (a) median pressure amplitude with the MAD and (b) the median 
MAD-median ratio for each frequency sweep range in the frequency study 
 
  










































Figure 21. Simulated pressure fields for different combinations of sonication times and 




80 kHz (50 s) + 90 kHz (10 s)


























60 kHz (20 s) + 75 kHz (30 s) + 90 kHz (10 s)


































Figure 22. Simulated pressure fields for a custom sonicator with optimized parameters (top) 
and averaged over a frequency sweep range (bottom) 
 
  
Pressure Field of Optimized Parameters
























Average Pressure Field (55-100 kHz Range)





























Figure 23. Comparison of the (a) median pressure amplitude with the MAD and (b) the median 
MAD-median ratio of the simulated pressure fields for a custom sonicator with optimized 






Figure 24. A side by side comparison of the simulated pressure field and the experimental 











































































































































































CHAPTER 4: DISCUSSION 
Optimization of Design Parameters 
Initial FEA Studies 
Changing the height of the water and the placement of the transducer significantly altered the 
uniformity of the pressure fields in the solution plane (Fig. 9 and 11). The large variations in the 
pressure fields in these studies indicate the necessity of considering these parameters in the 
sonicator design.  
Overall, the increasing trend in the MAD-median ratios (Fig. 10) in the water height study 
suggests a decrease in uniformity with increasing water heights. This trend is consistent with the 
theoretical understanding of standing waves, which is a critical factor that contributes to the non-
uniformity in the pressure distribution [13]. Increasing the water height can amplify the effect of 
standing waves in the tank and generate concentrated areas of high pressure. At the two-
wavelength water height, this amplification effect is reduced, generating the most uniform 
pressure field. 
The design configurations for the transducer placement study primarily consider the relative 
position of the transducer to the walls of the tank. The MAD-median ratios (Fig.12) also indicate 
large variations in pressure fields. These differences are likely a result of changes in the wall 
vibration behavior due to the comparable size between the tank and the vibrating face of the 
transducer front mass. Positioning the transducer closer to one side of the tank creates higher 
intensity vibrations along that side. The uneven vibration pattern along the walls can then 
propagate to the water domain with the same uneven pattern, increasing non-uniformity in the 
pressure distribution. Placing the transducer in the center minimizes the propagation of uneven 
vibrations from the walls.  
Two-wavelength water height and a centered transducer are the optimized parameters for the 
sonicator setup outlined in Figure 1. While these preliminary results show trends consistent with 
standing wave physics in ultrasonic water baths, discussion of these results is limited within the 
context of this specific sonicator setup. The effects of other design parameters (e.g. the angle of 
the walls and the frequency of the transducer) are not considered.  
Second FEA Studies 
Given the optimized design parameters from the initial FEA studies, the second set of studies 
investigates the effect of other design parameters on the pressure distribution. The angle of the 
tank walls, the implementation of a lens in the tank, and the frequency of the transducer are 
considered. Determined as optimized design parameters from the initial FEA studies, two-
wavelength water height and a centered transducer are maintained throughout these studies. 
Significant variations in the pressure fields in each study also indicate that these are critical 
design parameters in the design of the custom sonicator. 
As demonstrated in the transducer placement study, the behavior of the tank walls has a high 
impact on the nature of the pressure fields. The angle of the tank walls relative to the bottom face 
can also alter the vibration pattern of the tank walls and the resulting pressure fields (Fig. 13).  
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Theoretically, increasing the angle of the walls relative to the normal of the bottom face can 
reduce the effect of the standing waves and increase uniformity in the plane by scattering the 
direction of the standing waves. The MAD-median ratios (Fig. 14) indicate that a wall angle of 3 
degrees generated the most uniform pressure field. As expected, the 0-degree angle generated the 
least uniform pressure field, where standing waves were likely enhanced. The larger angles at 6 
and 9 degrees also produced less variation in pressure than at 0 degrees although higher than at 3 
degrees. The scattering potential of these larger angles might be negligible for the two-
wavelength water height. Other design aspects of the tank walls were not studied. Specifically, 
the curved edges add another design feature that can also potentially disrupt standing waves. 
This feature in combination with the angle of the walls can result in widely different vibration 
behaviors in the walls, each with a different level of scattering potential. 
The implementation of an acrylic lens in the tank decreased the uniformity in the solution plane 
(Fig. 16) compared to the no lens condition. While an increase in uniformity is the preferred 
outcome, the lens still caused significant changes in the nature of the pressure field (Fig. 15). The 
concave lens disrupted the symmetric pressure field of the no lens condition. The convex lens 
maintained the symmetry but decreased the uniformity. The simulated pressure fields 
demonstrate that adding a lens to the sonicator setup has a substantial effect on the nature of the 
field. In this study, the lenses are generated randomly with no determined specifications. 
However, knowing that lenses can have a significant effect on the pressure field, modification of 
the lens (e.g. size, shape, and focus) can potentially tailor this effect toward creating a more 
uniform field rather than the opposite.  
Varying the frequency of the transducer most successfully improved the uniformity of the 
pressure field in the solution plane (Fig. 17, 19, and 21). The responses of the sonicator were 
simulated at three different conditions: (1) at specific frequencies over a wide range, (2) with a 
frequency sweep over different ranges, and (3) with specific combinations of sonication time and 
frequencies. Changes in each condition significantly affected the uniformity of the pressure field.  
Simulating the pressure field from 60 kHz to 100 kHz every 10 kHz showed a high dependence 
of the pressure field on the frequency of the system (Fig. 17). Qualitatively, the nature of the 
pressure field in the solution plane drastically changed at each frequency. At higher frequencies 
at 90 kHz and 100 kHz, the simulated fields also show a large increase in the maximum pressure 
amplitude by at least one order of magnitude. Quantitatively, the MAD-median ratios (Fig. 18) 
indicate varying degrees of uniformity with no particular trend relative to the frequency.  
The application of a frequency sweep to the system over a defined frequency range also 
produced drastic variation in the pressure fields (Fig. 19). This frequency sweep setup assumes 
that the system is operating at each of these frequencies for the same amount of time. At 
increasing frequency ranges from 10 kHz to 40 kHz, the uniformity of the pressure field 
generally improved as indicated by decreasing MAD-median ratios, and the median pressure 
amplitude also increased with increasing ranges (Fig. 20). This increase can be attributed to the 
averaging of amplitudes at wider ranges. Unlike in other studies where an increase in the median 
pressure amplitude typically coincided with a decrease in uniformity, the opposite trend is 
evident in this study. Implementing a frequency sweep in the system not only has implications 
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for improving the uniformity of a pressure field but also on the effective pressure amplitude in 
the system. 
Given that the response of the system depends highly on frequency, the possibility of selecting 
specific frequencies and applying different sonication times is also considered. Based on a trial-
and-error method, simulated pressure fields were generated using different combinations of 
frequency and sonication time. The setup still assumes a steady-state harmonic response at each 
frequency and time combination. Largely uniform fields (Fig. 21) were simulated for the 
following conditions: (1) 80 kHz for 50 seconds and at 90 kHz for 10 seconds and (2) 60 kHz for 
20 seconds, 75 kHz for 30 seconds, and 90 kHz at 10 seconds. Compared to the frequency sweep 
simulations, these time-based and frequency-specific simulations entail a simpler design since 
only a few frequencies are required as opposed to the large frequency ranges needed for the 
frequency sweep. However, to maximize the uniformity potential, this method requires extensive 
fine-tuning of the time and frequency parameters since the pressure field can vary significantly 
with only slight changes in these parameters.  
While the multiple frequency studies demonstrated promising results for improving uniformity in 
the simulated pressure field, the actual implementation of multiple frequencies in a custom 
sonicator might be limited. The frequency range of a single ultrasonic transducer is typically 
constrained to a much narrower range than the wide ranges, up to 40 kHz, used in the frequency 
sweep simulations. Ultrasonic cleaning tanks that implement a frequency sweep typically use 
ranges less than 5 kHz around the center frequency. Achieving the large frequency ranges in the 
simulations would entail either creating a complex transducer design with varying piezoelectric 
element frequencies or using multiple transducers in the system. Simulating these systems would 
generate more practical pressure fields for actual use in the custom sonicator.  
Optimized Design Parameters 
In this custom sonicator system, varying each design parameter resulted in significant variation 
in the pressure field in the 90 mm by 130 mm area of interest. Therefore, the optimization of 
each design parameter is necessary to maximize the uniformity of pressure. Based on a series of 
FEA studies, a more uniform pressure field (Fig. 22) is achieved with the following design 
parameters for this specific system: two-wavelength water height of approximately 37.1 mm, an 
80 kHz centered transducer on the bottom of the tank, and a wall angle of 3 degrees. The 
addition of a lens to the system did not improve the uniformity of the field. On the other hand, 
introducing multiple frequencies to the system, either through a frequency sweep or by selecting 
specific frequencies at different sonication times, did significantly improve the uniformity in the 
simulated fields (Fig. 21 and 22).  
Accuracy of the Finite Element Model 
FEM Considerations 
In the FEA workflow, the mesh model determines the accuracy of the analysis. The quality of the 
mesh and the size of the elements must be optimized to produce an accurate solution to the given 
problem. To accurately characterize the pressure field in the sonicator system, a maximum 
critical element size of 3 mm is calculated based on the 80 kHz frequency of the system and the 
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speed of sound in the water domain. To further improve this mesh model, a convergence study is 
applied to the problem, where this critical element size is increasingly decreased until a stable 
result is achieved. This stable result is typically indicated by symmetry in the simulated pressure 
field when the geometric model contains the same symmetry. Otherwise, stability is 
characterized by minimal changes in the field.  
The quality of the mesh depends on the initial geometric model, where complex geometries 
typically reduce the quality of the mesh. In these studies, a simplified geometry is used to 
describe the sonicator system where the fine features in the initial sonicator setup (Fig. 1) are 
removed. Additionally, the sandwich transducer is modeled simply as the front mass without the 
piezoelectric elements and the back mass in the geometric model. As a result, the pressure 
measurements indicate only a relative measure of magnitude and do not represent absolute 
measurements. Simplification of these features in the geometric model allowed for a more 
consistent mesh model (Fig. 2) as indicated by consistency in the element shape throughout the 
model.  
Experimental Validation 
While serial improvements in the mesh model were performed to improve the computational 
accuracy of the analyses, experimental validation remains the ultimate determinant of accuracy. 
The simulated pressure fields were compared to experimental measurements by a hydrophone. 
However, as previously noted, the hydrophone used in the validation study is rated for higher 
frequency applications. The frequency of the system in the experimental setup is 80 kHz, which 
is well outside the nominal frequency range of the hydrophone. Even so, the hydrophone still 
detected pressure differences at this lower frequency in the hydrophone measurement area (Fig. 
24). One possible explanation is that the hydrophone might simply not be calibrated to the lower 
frequency but is still capable of detecting at that frequency. Given this caveat on the accuracy of 
the hydrophone measurements, comparison of the simulation to the experimental measurement 
showed similar trends in the distribution of the pressure (Fig. 24). Both indicated a non-uniform 
distribution relative to the maximum and minimum pressures indicated in each pressure field. 
As another obstacle for the validation of this project, only one validation study was completed as 
a result of laboratory closures due to COVID-19. In addition to a lower frequency hydrophone, 
more validation studies are necessary to determine and improve the accuracy of the finite 
element model. 
Limitations and Improvements 
The primary limitation of this project is the lack of experimental validation of the simulations. 
While the simulations show trends that are consistent with a general understanding of sonicator 
physics, experimental validation is still necessary. Generating more measurements using a 
hydrophone rated for the correct frequency can provide an important reference for improving the 
finite element model. In the setup of the problem, assumptions regarding the boundary 
conditions in the model, such as the air-water boundary and contacts between the different 
domains, are made. The validity of these assumptions can be evaluated by comparing the 
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simulation results with the experimental measurements. Further improvements in the mesh 
model might also be necessary.  
Another improvement to the project is in the design workflow. A linear workflow is followed 
where the optimized design parameters determined from the initial FEA studies are then used for 
the following studies. Instead, a more cyclic workflow can be applied where design parameters 
are continuously optimized after each study until every possible design configuration has been 
simulated. This process requires the generation of more simulations and longer computational 
time, but it will also give a comprehensive view of how each design parameter affects the 
system. It might also demonstrate how one design parameter influences the effect of another 
design parameter on the pressure distribution. Improvements in the pressure field uniformity that 
might have been missed in this project might then become evident.  
For the scope of this project, the trial-and-error method used for the time-frequency simulations 
sufficiently identified potential time-frequency combinations that produced more uniform 
pressure fields. However, further optimization of these selections can be achieved by a more 
comprehensive study of the time-frequency combinations. Generating simulations for each 
combination in given time-frequency ranges and identifying the simulated field with the lowest 
measure of variance can better provide an optimized set of conditions. While it also requires 
more computational time, it will provide a clearer understanding of how sonication time and 
frequency affects the uniformity of the pressure field.  
Pursuing other analysis types in addition to steady-state harmonic analysis might also add 
another layer of information that is relevant to the problem at hand. For instance, in the time-
frequency simulations, a transient analysis might be more applicable than a steady-state analysis 
to accurately characterize the pressure in the system. Depending on the actual operating 
conditions of the sonicator, the steady-state assumptions might not hold, for which a transient 




CHAPTER 5: CONCLUSION  
This project aims to characterize and generate a spatially uniform pressure field by modifying the 
design and operating parameters of a custom sonicator. Using finite element analysis, the 
optimized design parameters were determined. The parameter that most improved the uniformity 
of the pressure is the frequency of the system. Using multiple frequencies over a range of 55 kHz 
to 100 kHz range, each sonicating for an equal amount of time, generated the pressure field with 
the smallest measure of variation. Selecting a small number of frequencies and varying the 
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